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The	 effects	 of	 a	 cobalt	 (Co),	 copper	 (Cu),	 selenium	 (Se),	 and	 iodine	 (I)	 trace‐20 









and	 B+	 respectively).	 Providing	 a	 mineral	 bolus	 did	 not	 affect	 plasma	 Cu	30 
concentration	 in	 heifers	 receiving	 G	 or	 F	 (p	 <	 0.05),	 but	 was	 higher	 in	 KB+	31 
compared	 to	KB‐	 (p	<	0.05)	at	 the	middle	and	end	of	 the	out‐wintering	period.	32 
Heifers	receiving	KB‐	also	had	a	lower	haemoglobin	and	red	blood	cell	count,	but	33 
a	higher	mean	corpuscular	volume	than	KB+	at	the	end	of	the	out‐wintering	period.	34 
Animals	 receiving	 B‐	 had	 a	 higher	 plasma	 thyroxine	 concentration	 (p	 <	 0.05).	35 
Neither	 the	 bolus	 nor	 forage	 type	 affected	 body	 weight	 (p	 >	 0.05),	 however	36 
condition	score	was	higher	(p	<	0.05)	in	B+	at	the	end	of	the	study.	It	is	concluded	37 
that	the	provision	of	a	trace	mineral	bolus	increased	plasma	concentrations	of	the	38 







	 Rearing	 heifers	 outside	 during	 the	 winter	 period	 is	 of	 interest	 to	 dairy	45 
farmers	 as	 one	 of	 the	 largest	 expenses	 of	 milk	 production	 is	 the	 cost	 of	46 
replacement	animals	(Boulton	et	al.,	2015a),	which	increases	substantially	with	47 
the	 number	 of	 days	 that	 heifers	 are	 housed	 (Boulton	 et	 al.,	 2015b).	 Seasonal,	48 
spring‐calving	herds	have	amongst	 the	 lowest	heifer	rearing	costs	 in	temperate	49 
regions	such	as	 the	UK	(Boulton	et	al.,	2015b),	and	commonly	out‐winter	 their	50 
replacements	 (Atkins	et	 al.,	 2014).	 In	 the	 case	of	heifers	older	 than	one	year,	 a	51 
typical	 out‐wintering	 system	would	 graze	 kale	 (Brassica	oleracea),	 fodder	 beet	52 
(Beta	vulgaris),	or	autumn‐saved	perennial	ryegrass	pasture	(deferred	grazing)	in	53 
situ,	 with	 approximately	 one‐third	 of	 the	 diet	 comprised	 of	 baled	 grass	 silage	54 
(Atkins	et	al.,	2014).	55 
	 Out‐wintering	 systems	 for	 replacement	 dairy	 heifers	 present	 particular	56 
trace‐mineral	 nutrition	 challenges	 which	 may	 impact	 animal	 health	 and	57 
productivity.	For	instance,	kale	has	been	reported	to	be	deficient	in	copper	(Cu),	58 

















Le	 Cozler	 et	 al.,	 2011;	 Roche	 et	 al.,	 2015).	 Sub‐optimal	 trace‐mineral	 nutrition	75 
during	the	heifer	rearing	period	can	impact	on	subsequent	productivity	with,	for	76 
example,	low	dietary	concentration	of	Co	or	Cu	restricting	average	daily	gain	(ADG)	77 
in	growing	cattle	 (Mills	 et	 al.,	 1976;	Schwarz	et	 al.,	 2000),	 and	Cu,	Co,	 I	 and	Se	78 
supply	are	all	important	for	immunity	and	fertility	(Corah,	1996;	Panousis	et	al.,	79 
2001;	Stabel	et	al.,	1993).	Recent	surveys	have	indicated	that	in	housed,	winter‐80 
fed	 dairy	 cows,	minerals	 are	 generally	 supplied	well	 in	 excess	 of	 requirements	81 
(Sinclair	and	Atkins,	2015).	In	contrast,	grazed	animals	present	less	control	over	82 
mineral	nutrition	(McDowell,	1996).	Offering	free‐choice	mineral	licks	can	result	83 
in	 in	 variable	 mineral	 intake	 between	 animals	 (Valk	 and	 Kogut,	 1998),	 whilst	84 
administering	 a	 reticulorumen	 trace‐mineral	 bolus	 offers	 the	 opportunity	 to	85 
deliver	a	consistent	dose	of	selected	trace‐minerals	throughout	the	grazing	period	86 
(Kendall	 et	 al.,	 2001).	 Despite	 mineral	 bolus	 use	 being	 common	 commercial	87 
practice	on	many	UK	dairy	farms	(Sinclair	and	Atkins,	2015),	the	benefits	of	trace‐88 
mineral	supplementation	on	the	mineral	status,	metabolism	and	performance	in	89 
lower‐input,	 out‐wintered	 heifer	 rearing	 systems	 are	 unclear.	 The	 aim	 of	 the	90 
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out‐winter	 heifers	 in	 2012/2013	 were	 used.	 The	 farms	 were	 selected	 to	 be	100 
representative	of	out‐wintering	farms	based	on	a	survey	of	commercial	practice	101 
(Atkins	et	al.,	2014).	Three	of	the	farms	grazed	kale	(K),	three	fodder	beet	(F),	and	102 
three	pastures	which	were	 composed	predominately	 of	 perennial	 ryegrass	 (G).	103 
The	farms	were	located	in	the	counties	of	Shropshire,	Staffordshire	and	Hampshire	104 
for	 K;	 Dumfries	 and	 Shropshire	 (x2)	 for	 F;	 and	 Derbyshire,	 Shropshire	 and	105 
Somerset	 for	G.	The	heifers	were	all	Friesian/Jersey	crosses,	due	 to	calve	at	24	106 
months	 of	 age	 from	 February	 2013,	 and	 were	 destined	 for	 a	 grazed	 grass	107 
production	system.	A	sub‐set	of	40	primiparous	heifers	were	randomly	selected	108 
on	each	study	 farm,	 resulting	 in	a	 total	of	360	heifers	 recruited	onto	 the	study.		109 
Within	each	farm,	the	40	heifers	were	paired	according	to	body	weight	(BW)	and	110 
body	condition	score	(BCS;	Mulvany,	1977)	and	randomly	allocated	to	one	of	two	111 
treatments;	un‐supplemented	 (B‐)	or	 supplemented	with	 trace‐mineral	boluses	112 
(B+).	The	B+	heifers	received	two	reticulorumen	trace‐mineral	boluses	(CoSeICure,	113 

















supplementary	 forage	 were	 collected	 and	 stored	 at	 ‐20°C	 prior	 to	 subsequent	130 







of	 each	 plant	 were	 separated	 from	 the	 bulb	 and	 the	 weight	 of	 leaf	 and	 bulb	138 
7 
recorded.	 Leaves	 were	 then	 chopped	 and	 mixed,	 quartered	 and	 a	 sub	 sample	139 
collected.	 Loose	 soil	 was	 washed	 from	 the	 bulb	 which	 was	 then	 cut	 into	140 















of	 whole	 blood	 was	 stored	 at	 ‐20°C	 prior	 to	 subsequent	 analysis.	 The	 farms	156 
recorded	calving	date	and	calving‐ease	score	as:	1.	No	assistance/	calved	unaided,	157 










crop.	 Crude	 protein	 (CP)	 concentration	 of	 the	 forages	 was	 determined	 by	167 
combustion	using	a	LECO	FP	528	N	analyser	(Leco	Corporation,	St.	 Joseph,	MI)	168 





























pipetted	 into	 auto‐sampler	 tubes	 and	 diluted	 with	 4	 mL	 of	 reagent	 blank	197 
consisting	 of	 1%	HNO3,	 1%	methanol,	 0.1%	 Triton	 X	 and	 Ga	 internal	 standard	198 
before	 analysis.	 Plasma	 samples	were	 analysed	 in	 duplicate,	 with	 a	 calibration	199 




(Plt),	mean	 corpuscular	 volume	 (MCV),	mean	 corpuscular	 haemoglobin	 (MCH)	204 
and	mean	corpuscular	haemoglobin	concentration	(MCHC).	The	performance	of	205 
the	Vet	Animal	 Blood	 Counter	was	 assessed	 at	 each	 use,	 using	 a	 bovine	whole	206 
blood	 reference	 sample	 (Woodley	 Haematology	 Control,	 WD1154),	 with	 inter‐207 
assay	CV%	of	2.4,	3.7,	2.8,	4.1,	8.7,	0.6,	2.9	and	3.2	for	WBC,	RBC,	Hb,	Hct,	Plt,	MCV,	208 
MCH	and	MCHC	respectively.	Sub‐samples	of	whole	blood	samples	were	analysed	209 





















majority	 of	 heifers	 calved	 with	 an	 ease	 score	 of	 either	 1	 (no	 assistance)	 or	 2	230 
(farmer	 assistance;	 normal	 presentation),	 therefore,	 calving	 ease	 data	 were	231 





















an	 intermediate	 concentration	 in	 grass	 (p	 <	 0.05),	 whereas	 P	 and	 potassium	252 

















of	 the	 out‐wintering	period	 in	B+	 compared	 to	 the	 beginning	 (p	 <	 0.05).	Mean	269 
plasma	Se	concentration	was	0.50	and	0.82	µmol/L	in	B‐	and	B+	respectively,	with	270 




KB‐.	 Mean	 plasma	 Cu	 concentration	 was	 11.3	 and	 14.5	 µmol/L	 in	 B‐	 and	 B+	275 
respectively,	 and	 the	 provision	 of	 a	 mineral	 bolus	 did	 not	 affect	 plasma	276 
























receiving	 F,	 concentrations	 were	 lower	 (p	 <	 0.05)	 at	 the	 end	 of	 out‐wintering	300 
compared	 to	 the	 beginning.	 In	 contrast,	 heifers	 receiving	 kale	 along	 with	 the	301 
mineral	boluses	(KB+),	had	a	higher	(p	<	0.05)	serum	vitamin	B12	concentration	at	302 
the	end	of	out‐wintering	compared	to	KB‐.	Heifers	that	received	the	trace‐mineral	303 
boluses	 had	 a	 higher	 (p	 <	 0.001)	 mean	 blood	 SOD	 concentration	 than	 un‐304 
supplemented	 heifers	 at	 the	 end	 of	 the	 out‐wintering	 period,	 with	 mean	305 








concentration	 increased	 (p	 <	 0.05)	 by	 the	 end	 of	 the	 out‐wintering	 period	313 
irrespective	of	forage	source,	but	in	animals	that	did	not	receive	a	mineral	bolus	314 
and	 grazed	 kale	 (KB‐),	 blood	 GSH‐Px	 concentration	 decreased	 (p	 <	 0.05).	 The	315 
serum	concentration	of	T4	did	not	differ	between	treatments	at	the	beginning	of	316 
the	 study	 (p	 >	 0.05),	with	 heifers	 that	 received	 B+	 having	 a	 similar	 (p	 <	 0.05)	317 
concentration	at	the	end	of	the	out‐wintering	period	compared	to	the	beginning,	318 
while	those	that	received	B‐	had	a	higher	(p	<	0.05)	concentration.	Provision	of	the	319 
mineral	 boluses	 did	 not	 affect	 serum	 3‐OHB	 concentration	 (p	 >	 0.05),	with	 an	320 
overall	mean	of	0.38	mmol/L	 in	B‐	 and	B+.	However,	 heifers	 receiving	K	had	a	321 
higher	 concentration	 of	 3‐OHB	 at	 the	 end	 of	 out‐wintering	 compared	 to	 the	322 
beginning	(p	<	0.05),	whereas	in	animals	receiving	F,	serum	3‐OHB	concentration	323 
decreased	with	 time	 (p	 <	 0.05).	 Serum	urea	 concentration	was	not	 affected	 by	324 
providing	mineral	boluses	(p	>	0.05),	with	an	overall	mean	of	4.1	mmol/L	for	B‐	325 








overall	mean	 count	 of	8.27	 and	8.57	 x103	 cells/mm3	 in	B‐	 and	B+	 respectively,	333 
although	there	was	a	trend	(p	<	0.1)	for	fewer	WBC	at	the	end	compared	to	the	334 

























boluses	 had	 no	 effect	 (p	 >	 0.05)	 on	MCHC,	with	 an	 overall	mean	of	 36.8	 g/dL.	359 





















that	 had	 received	 trace	mineral	 boluses	 had	 a	mean	 BCS	 that	was	 0.03	 points	380 
higher	(p	<	0.05)	than	those	that	did	not.	Overall,	heifers	lost	BCS	over	the	out‐381 
wintering	 period	 (p	 <	 0.05),	 with	 those	 receiving	 G	 or	 K	 losing	 BCS	 at	 each	382 
measurement	point,	whilst	those	receiving	F	lost	BCS	between	the	middle	and	end	383 
of	out‐wintering.		384 
	 Coat	 length	 increased	by	4.3	mm	over	 the	 study	period	 (p	<	0.001),	 but	385 
bolus	provision	had	no	effect	(p	>	0.05),	with	a	mean	of	23.2	and	23.4	mm	for	B‐	386 












combined	 trace	 mineral	 bolus	 on	 the	 mineral	 status	 and	 performance	 of	399 
replacement	 dairy	 heifers	 on	 commercial	 farms	 and	 out‐wintered	 on	 pasture,	400 
fodder	beet	and	kale.	These	forages	were	used	as	they	are	the	main	out‐wintering	401 











(NRC,	 2001),	 and	 therefore	 the	 dietary	 Cu	 concentration	 (predicted	 from	 the	412 
forage	and	supplementary	feed)	in	the	G,	K	and	F	treatments	in	the	current	study	413 
were	 considerably	 lower	 at	 4.2,	 2.1	 and	 4.6	 mg	 Cu/kg	 DM,	 respectively.	414 
Additionally,	the	high	S	content	in	kale	was	likely	to	have	had	an	antagonistic	effect	415 
on	Cu	absorption	due	 to	 the	 formation	of	 thiomolybdates	 in	 the	 rumen	(Suttle,	416 
2010).	Using	 the	prediction	equations	of	Suttle	and	McLauchlin	(1976)	and	the	417 
mean	 forage	 S	 and	 Mo	 concentrations	 resulted	 in	 a	 predicted	 absorption	 co‐418 
efficient	 of	 Cu	 (%)	 of	 4.5	 and	 4.4	 in	 the	 grass	 and	 fodder	 beet	 fed	 animals	419 
respectively,	but	only	2.5%	in	the	kale	fed	animals,	further	compounding	the	low	420 
dietary	concentration	in	animals	grazing	this	forage.	However,	Cu	deficiency	is	not	421 











effects	 suggest	 the	 onset	 of	 anaemia	 in	 heifers	 fed	 kale,	 as	 elevated	 MCV	 is	432 
indicative	of	a	bone	marrow	response	and	 the	presence	of	 immature	red	blood	433 





DM,	while	 others	 have	 estimated	 it	 as	 low	 as	 0.06	mg/kg	DM	 in	 grazing	 cattle	439 







Co	 content	 of	 kale	 in	 this	 study	 was	 0.05	 mg/kg	 DM,	 approximately	 half	 the	447 
required	dietary	 level	 (NRC,	 2001).	Within	 the	 rumen,	 elemental	 cobalt	 (Co)	 is	448 
used	by	bacteria	to	synthesise	vitamin	B12	and	animal	status	is	generally	assessed	449 
by	 measuring	 blood	 vitamin	 B12	 concentration.	 Vitamin	 B12	 has	 two	 principal	450 
20 




synthesis	 of	 methionine	 from	 homocysteine	 (McDowell,	 2000).	 A	 threshold	455 
concentration	of	150	pmol	vitamin	B12/L	has	been	suggested,	above	which	there	456 





to	 the	 increase	 in	 supplemented	 animals.	 Despite	 fodder	 beet	 fed	 animals	462 
receiving		an	adequate	dietary	concentration	of	Co,	the	vitamin	B12	status	of	heifers	463 






Plasma	 Se	 concentrations	 in	 the	 current	 study	 increased	 in	 heifers	 that	470 
received	 a	 trace	 mineral	 bolus	 across	 all	 the	 three	 forages,	 however,	 marginal	471 
limits	 for	 serum	 Se	 are	 0.10	 –	 0.12	 mol/L	 (Suttle,	 2010),	 and	 all	 treatments	472 

















2.0	 to	 7.8	 g/kg	 DM	 was	 previously	 observed	 to	 have	 little	 effect	 on	 GSH‐Px	489 
concentration	in	cattle	(Khan	et	al.,	1987).	Selenium	deficiency	has	not	previously	490 





of	 superoxide	 anions	 to	 hydrogen	 peroxide	 and	 GSH‐Px	 reducing	 hydrogen	496 






















	 The	 trace‐mineral	 bolus	 appeared	 to	 have	 little	 effect	 on	 the	 physical	518 


















the	 crops	 herbage	 mass	 or	 overestimated	 the	 cows'	 intake.	 The	 difference	 in	536 
performance	 reported	 by	 previous	 studies	 involving	 out‐wintered	 heifers	 and	537 


















































































































































































































































	 	 	 	 g/kg	DM	
Ca	 55.9	 186	 1.0	 6.40	±	0.10	 6.10	±	0.41	 95	 4.8	±	0.5	 4.5	±	0.3	 93	
Na	 15.7	 52.4	 0.6 3.49 3.77	±	0.04 108	
Mg	 0.46	 1.52	 0.4	 1.45	±	0.04	 1.50	±	0.01	 104	 1.47	±	0.22	 1.57	±	0.018	 107	
P	 4.75	 15.8	 0.7	 2.36	±	0.07	 2.37	±	0.03	 100	 4.7	±	0.4	 4.7	±	0.1	 100	
K	 1.53	 5.10	 0.4	 33.8	±	0.8	 36.1	±	0.5	 107	
S	 99.5	 332	 4.0 3.16	±	0.04 2.74	±	0.37 87	
	 	 	 	 mg/kg	DM	
Co	 0.01	 0.02	 1.2	 6.4	 0.121	 0.099	±	0.047	 81	
Cu	 0.04	 0.12	 1.2	 2.3	 10	 9.7	±	0.1	 97	 37	±	4	 42	±	1.4	 114	
Se	 0.04	 0.13	 5.9	 1.7	 0.025	 0.024	±	0.010	 97	
Zn	 0.09	 0.32	 1.1 1.7 32.1	±	1.7 28.0	±	6.1 87	
Fe	 1.90	 6.34	 0.6	 1.2	 114	 102.9	±	5.9	 90	
Mn	 0.01	 0.03	 0.6	 5.3	 72	 76.3	±	2.6	 106	







	 Grazed	forage	 Supplementary	forage	 Total	diet	
	 G	 K	 F	 SED	 P‐value G	 K	 F	 SED	 P‐value G	 K	 F	 SED	 P‐value	
DM,	g/kg	 161	 134	 158	 12.9	 0.151	 388	 368	 541	 150.7	 0.495	 343 192 324 68.2 0.131	
CP,	g/kg	DM	 128	 164	 87	 24.7	 0.053	 113	 121	 101	 17.1	 0.555	 115 153 92 19.6 0.054	
NDF,	g/kg	DM	 521	 302	 179	 24.5	 <0.001	 601	 554	 628	 38.5	 0.230	 583 365 402 45.9 0.007	
WSC,	g/kg	DM	 100	 256	 494	 37.7	 <0.001	 19	 29	 78	 33.4	 0.244	 35 201 288 64.5 0.021	
Macro‐mineral,	g/kg	DM	
			Ca	 7.49	 15.2	 3.23	 0.707	 <0.001	 5.91	 5.64	 3.34	 1.376	 0.202	 6.39 12.8 3.45 0.844 <0.001	
			Na	 0.65	 1.20	 4.75	 0.908	 0.008	 2.45	 1.32	 2.93	 1.564	 0.600	 2.21	 1.22	 3.96	 1.244	 0.163	
			Mg	 1.55	 1.64	 2.55	 0.295	 0.027	 1.80	 1.95	 1.99	 0.481	 0.923	 1.79	 1.72	 2.31	 0.384	 0.316	
			P	 2.77	 3.26	 2.06	 0.492	 0.123	 2.79	 2.91	 2.94	 0.529	 0.954	 2.77	 3.18	 2.52	 0.489	 0.439	
			K	 16.8	 31.7	 24.9	 5.71	 0.101	 24.0	 28.0	 20.6	 4.99	 0.396	 22.5	 30.8	 21.3	 3.79	 0.089	
			S	 1.90	 5.84	 0.49	 1.182	 0.010	 2.23	 2.25	 3.24	 1.823	 0.823	 2.19	 4.93	 1.97	 1.487	 0.166	
Trace‐mineral,	mg/kg	DM	
			Co	 1.05	 0.05	 0.28	 0.20	 0.007	 0.29	 0.14	 0.11	 0.088	 0.166	 0.43	 0.08	 0.19	 0.068	 0.006	
			Cu	 7.74	 1.64	 4.86	 0.95	 0.002	 3.52	 3.64	 3.97	 1.076	 0.911	 4.20	 2.14	 4.61	 0.743	 0.033	
			Se	 0.23	 0.12	 0.12	 0.048	 0.084	 0.24	 0.14	 0.12	 0.131	 0.656	 0.21	 0.12	 0.12	 0.099	 0.577	
			I	 1.92	 0.62	 2.53	 1.863	 0.604	 0.44	 0.40	 0.88	 0.488	 0.577	 0.80	 0.52	 1.39	 0.903	 0.639	
			Zn	 38.3	 15.4	 37.0	 9.13	 0.080	 28.2	 20.2	 22.6	 7.07	 0.549	 29.6	 16.6	 30.2	 7.10	 0.176	
			Fe	 1709	 127	 1168	 310.4	 0.010	 805	 351	 359	 333.5	 0.361	 1276	 183	 770	 198.4	 0.004	
			Mn	 213	 15	 57	 20.3	 <0.001	 209	 87	 260	 98.1	 0.270	 217	 33	 160	 75.3	 0.117	








item	 GB‐	 KB‐	 FB‐ GB+ KB+ FB+ SED B Fo B	x	Fo T B	x	T Fo	x	T B	x	Fo	x	T	
Cobalt,	µmol/L	
			start	 0.020	 0.023	 0.017 0.020 0.021 0.021 0.0092	 0.626 0.965 0.213
<0.001 <0.001 0.283	 0.327				mid	 0.022	 0.023	 0.022 0.069 0.064 0.061 0.0076	 <0.001 0.884 0.318
			end	 0.023	 0.021	 0.021 0.042 0.034 0.041 0.0083	 <0.001 0.883 0.472
Selenium,	µmol/L	
			start	 0.49	 0.51	 0.26 0.51 0.53 0.33 0.146 0.032 0.374 0.234
<0.001 <0.001 0.002	 0.009				mid	 0.70	 0.48	 0.48 1.17 1.24 1.05 0.203 <0.001 0.793 <0.001
			end	 0.56	 0.50	 0.45 0.88 0.88 0.81 0.153 <0.001 0.869 0.536
Copper,	µmol/L	
			start	 13.7	 11.2	 12.6 15.1 9.9 15.1 3.46 0.187 0.583 0.051
0.002 <0.001 <0.001 <0.001				mid‡	 12.9	 10.8	 13.2 14.5 17.6 16.3 2.54 <0.001 0.937 <0.001
			end	 11.6	 10.3	 12.0 12.4 16.2 15.0 1.93 <0.001 0.702 <0.001
Zinc,	µmol/L	
			start	 12.4	 13.8	 12.4 12.3 15.4 12.9 4.27 0.147 0.894 0.391
<0.001 0.399	 <0.001 0.831				mid‡	 11.2	 11.2	 11.9 10.7 11.2 12.1 3.95 0.856 0.974 0.755
			end‡	 13.6	 10.3	 11.5 13.7 10.3 10.9 3.08 0.610 0.669 0.765
Iron,	µmol/L	
			start	 82.2	 78.3	 65.6 78.4 77.6 63.3 10.20 0.591 0.203 0.957
<0.001 0.532	 0.085	 0.961				mid	 65.0	 58.9	 52.5 68.0 59.1 61.0 8.92 0.290 0.486 0.641
			end	 51.4	 58.9	 45.8 49.0 58.5 47.9 8.35 0.945 0.322 0.860
Manganese,	µmol/L	
			start	 0.05	 0.07	 0.05 0.07 0.07 0.06 0.025 0.451 0.834 0.540
0.320 0.994	 0.984	 0.244				mid	 0.06	 0.07	 0.06 0.05 0.07 0.06 0.014 0.698 0.495 0.855
			end	 0.05	 0.08	 0.07 0.08 0.08 0.06 0.020 0.824 0.484 0.213
Molybdenum,	µmol/L	
			start	 0.44	 0.38	 0.44 0.44 0.35 0.44 0.223 0.669 0.952 0.885
0.001 0.922	 <0.001 0.869				mid‡	 0.68	 0.35	 0.48 0.75 0.34 0.42 0.207 0.658 0.280 0.114










item	 GB‐	 KB‐	 FB‐ GB+ KB+ FB+ SED B Fo B	x	Fo T B	x	T Fo	x	T B	x	Fo	x	T	
Vitamin	B12,	pmol/L	
			start	 128	 126	 126 138 119 133 9.0 0.412 0.468 0.105 <0.001 0.020	 <0.001	 0.010				end‡	 126	 116	 107 144 132 109 11.7 <0.001 0.106 0.039
§SOD,	U/g	Hb	
			start	 2126	 2368	 2002 2021 2174 1995 307.3 0.195 0.707 0.630
<0.079 <0.001 <0.001	 <0.054				end‡	 2117	 1731	 2353 2385 2190 2438 200.0 <0.001 <0.088 0.128
GSH‐Px,	U/mL	Hct	
			start	 41	 46	 19 39 41 20 15.8 0.215 0.447 0.393
<0.001 <0.001 <0.001	 <0.001				mid‡	 42	 22	 37 57 61 55 9.8 <0.001 0.731 <0.001
			end‡	 40	 18	 33 70 79 75 8.2 <0.001 0.752 <0.001
T4,	nmol/L	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
			start	 76	 67	 85 74 68 90 11.6 0.482 0.322 0.374 <0.001 0.034	 <0.001	 0.228				end‡	 95	 81	 80 95 75 72 17.7 0.009 0.610 0.234
3‐OHB,	mmol/L	
			start	 0.47	 0.35	 0.54 0.42 0.36 0.42 0.191 0.054 0.840 0.128
<0.001 0.266	 <0.001	 0.469				mid	 0.28	 0.36	 0.35 0.28 0.39 0.31 0.078 0.853 0.604 0.124
			end‡	 0.42	 0.47	 0.29 0.42 0.46 0.32 0.070 0.792 0.079 0.679
Urea,	mmol/L	
			start	 5.1	 5.6	 4.3 5.0 5.2 4.3 0.91 0.137 0.581 0.353
<0.001 0.616	 <0.001	 0.564				mid	 3.7	 4.7	 2.8 3.5 4.8 2.9 0.66 0.788 0.051 0.305












	 Treatment 	 P‐value†
item	 GB‐	 KB‐	 FB‐ GB+ KB+ FB+ SED Bo Fo B	x	Fo T B	x	T Fo	x	T B	x	Fo	x	T	
‡WBC,	103/mm3	
			start	 9.63	 7.72	 8.36 7.73 8.17 9.84 1.187 0.985 0.653 0.002
0.002 0.442	 0.103	 0.022				mid§	 7.99	 8.27	 8.74 8.42 9.26 9.28 0.834 0.050 0.563 0.773
			end§	 7.82	 7.98	 7.81 7.83 8.58 7.92 0.567 0.488 0.581 0.711
Hb,	g/dL	
			start	 15.5	 10.5	 13.9 14.8 10.8 13.8 1.11 0.559 0.001 0.356
<0.001 0.719	 <0.001	 0.205				mid§	 11.6	 12.5	 11.3 11.3 12.5 11.9 1.02 0.742 0.605 0.381
			end§	 11.8	 11.3	 12.0 11.2 12.2 11.3 1.02 0.622 0.977 0.030
RBC,	103/mm3	
			start	 9.51	 7.32	 8.67 8.84 7.38 8.50 0.649 0.143 0.035 0.316
<0.001 0.241	 <0.001	 0.359				mid§	 7.24	 7.69	 7.26 6.96 8.22 7.48 0.323 0.431 0.009 0.124
			end§	 7.44	 6.67	 7.94 7.06 7.59 7.54 0.701 0.774 0.691 0.002
Hct,	%	
			start	 42.8	 29.4	 36.9 39.9 30.0 36.7 3.03 0.314 0.002 0.189
<0.001 0.597	 <0.001	 0.506				mid§	 31.7	 33.9	 30.4 30.6 34.4 31.4 2.30 0.847 0.315 0.418
			end§	 32.4	 31.5	 33.2 30.5 33.5 31.5 3.00 0.447 0.938 0.044
MCV,	µm3	
			start	 45.2	 44.2	 43.0 45.4 44.0 43.3 1.16 0.695 0.167 0.823
<0.001 <0.001 <0.001	 <0.001				mid§	 43.1	 46.1	 42.9 43.3 44.8 42.9 1.24 0.202 0.183 0.013
			end§	 42.9	 48.6	 42.9 42.8 44.7 42.5 0.77 <0.001 <0.001 <0.001
MCH,	pg	
			start	 16.5	 15.6	 16.1 17.0 15.4 16.6 0.50 0.183 0.016 0.509
<0.001 0.018	 <0.001	 0.561				mid§	 16.0	 17.9	 15.7 16.2 16.9 15.9 0.54 0.583 0.011 0.008
			end§	 16.0	 17.7	 15.2 15.9 16.4 15.0 0.37 0.005 <0.001 0.003
MCHC,	g/dL	
			start	 36.7	 35.4	 37.6 37.7 35.2 38.5 1.27 0.184 0.091 0.629
<0.001 0.575	 <0.001	 0.501				mid§	 36.6	 38.7	 37.4 37.2 37.5 38.2 0.70 0.528 0.041 0.105
			end§	 36.9	 36.4	 36.3 36.9 36.5 36.2 1.08 0.948 0.820 0.933
Plt,	103/mm3	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
37 
			start	 337	 217	 254 316 248 288 91.5 0.599 0.641 0.593
0.091 0.968	 0.061	 0.389				mid§	 310	 298	 320 368 323 257 79.0 0.900 0.789 0.185
































	 Treatment 	 P‐value†
item	 GB‐	 KB‐	 FB‐ GB+ KB+ FB+ SED	 B Fo B	x	Fo T B	x	T Fo	x	T	
ADG,g/d	 205	 393	 136 145 438 152 198.0	 0.988 0.452 0.169 	 	 	
BW,	kg	
			start	 428	 399	 385 430 400 383 16.8	 0.816 0.086 0.291
<0.001	 0.968	 <0.001				mid‡	 411	 429	 412 408 432 413 13.3	 0.674 0.387 0.117
			end‡	 423	 435	 413 418 439 414 15.3	 0.968 0.415 0.135
BCS,	1	–	5	point	scale	
			start	 2.73	 2.71	 2.56 2.73 2.73 2.54 0.130	 1.000 0.421 0.769
<0.001	 0.146	 <0.001				mid	 2.60	 2.58	 2.61 2.63 2.55 2.60 0.057	 0.752 0.709 0.330
			end	 2.44	 2.45	 2.41 2.48 2.46 2.47 0.068	 0.024 0.952 0.376
Coat	length,	mm	
			start	 20.8	 20.5	 21.4 21.8 20.0 22.1 0.87	 0.423 0.057 0.345 <0.001	 0.715	 0.125				end	 26.2	 24.9	 24.3 26.2 24.6 26.1 1.41	 0.282 0.617 0.121
†B	=	main	effect	of	bolus,	Fo	=	main	effect	of	forage,	B	x	Fo	=	interaction	of	bolus	and	forage,	T	=	main	effect	of	time,	Bo	x	T	=	interaction	of	bolus	and	time,	Fo	x	T	=	
interaction	of	forage	and	time.	Interaction	of	B,	Fo	and	T	was	not	significant	(p	>	.05)	
‡means	adjusted	for	initial	value	covariate
	
	
	
	
	
	
	
	
	
	
 
